Biothiols play an essential role in a number of biological processes in living organisms including detoxification and metabolism. Fetal to neonatal transition poses a pro-oxidant threat for newborn infants, especially those born prematurely. A reliable and rapid tool for the direct determination of thiols in small volume whole blood (WB) samples would be desirable for its application in clinical practice. This study shows the feasibility of Surface Enhanced Raman Spectroscopy (SERS) using a silver colloid prepared by reduction of silver nitrate using hydroxylamine, as the SERS substrate for the quantification of thiols in WB samples after a simple precipitation step for protein removal. Bands originating from biothiols (790, 714 and 642 cm −1 ) were enhanced by the employed SERS substrate and the specificity of the detected SERS signal was tested for molecules presenting -SH functional groups. A statistically significant correlation between the obtained SERS signals and the thiol concentration measured using a chromatographic reference method in umbilical cord WB samples could be demonstrated. Using WB GSH concentrations obtained from the chromatographic reference procedure, a Partial Least Squares (PLS) regression model covering GSH concentrations from 13 to 2200 µM was calculated obtaining a root mean square error of prediction (RMSEP) of 381 µM when applied to an external test set. The developed approach uses small blood sample volumes (50 µL), which is important for clinical applications, especially in the field of neo-
Introduction
Biological thiols are essential in living organisms and are involved in a number of biological processes, such as the transsulfuration pathway, the methionine cycle and the γ-glutamyl cycle. 1 In human blood and tissues, biothiols including reduced glutathione (γ-glutamyl-cysteinyl-glycine, GSH), cysteine, homocysteine, N-acetylcysteine, cysteinylglycine, γ-glutamylcysteine, cysteamine and coenzyme A are found. GSH is an important redox-active biomolecule with critical functions involved in the maintenance and regulation of cellular and organismal health. 2 GSH deficiency predisposes to oxidative damage which is thought to contribute to the onset and progression of many disease states. 3 In asphyxiated newborn infants, the glutathione/oxidized glutathione (GSH/ GSSG) ratio is substantially reduced when resuscitated with 100% oxygen instead of room air (21%). Moreover, this alteration persists even four weeks after birth revealing protracted oxidative stress. 4 Very preterm infants lack the expression of γ-cystathionase and are therefore incapable of synthesizing cysteine and as a consequence, GSH. Under these circumstances preterm infants are predisposed to oxidative stress when treated with oxygen supplementation. 5 Biothiols are prone to enzymatic and non-enzymatic oxidation after sample collection during sample storage and processing. A number of strategies have been proposed to minimize this potential source of error, including the addition of a chelating agent (e.g. ethylenediaminetetraacetic acid, EDTA) as an anti-coagulant during blood extraction, sample acidification or alkylation of reduced thiol groups using e.g. N-ethylmaleimide (NEM). 6 Nonetheless, sample pretreatment in clinical practice is often troublesome. Even apparently straightforward procedures are very difficult to implement. These drawbacks justify new efforts to develop methods for a fast and direct quantification of the GSH levels in blood. The direct determination of GSH blood levels would have a tremendous impact on the robustness of the data provided and it would facilitate the comparison of data across different clinical studies. GSH is the most abundant low-molecular-mass sulfhydryl group (-SH) containing, non-protein tripeptide thiol and comprises over 98% of all thiols in most tissues with the exception of kidneys. In the human blood, GSH concentrations for plasma ranging between 1 and 5 µM have been reported, whereas in whole blood (WB), GSH concentrations in the mM range are found, as over 95% of GSH is located inside the erythrocytes. 1, 3 Due to the biological and clinical importance of GSH, the demand for robust analytical methods for its determination is increasing. A wide range of analytical methodologies has been proposed including immunoassays, colorimetric and fluorimetric assays as well as approaches employing different separation techniques coupled with spectroscopic and electrochemical detection systems. 1, [7] [8] [9] [10] [11] Due to its high sensitivity, specificity and precision, LC separation with spectroscopic detection is frequently the method of choice. However, in the clinical setting, there is a need for automatized and faster analysis methods embedded in portable sensing systems. 1 Optical technologies have been heavily investigated for the development of portable sensing systems and devices. 12, 13 Raman spectroscopy has several major advantages for low molecular weight biothiol detection over other techniques such as UV or fluorescence spectroscopy, due to the lack of chromophors and fluorophors, or infrared spectroscopy that is suffering from low sensitivity. Raman spectroscopy provides direct molecular specific information on biothiols and shows very low background signal in the fingerprint region when analyzing aqueous samples. Moreover, the development of Surface Enhanced Raman Spectroscopy (SERS) yields increased sensitivity levels and opens the possibility of developing a wide range of Raman-based biomedical applications. For a detailed description of Raman and SERS based applications in the field of biomedicine the reader is referred to recently published review articles. [14] [15] [16] It has been shown that SERS may provide detection limits of the same order of magnitude as fluorescence spectroscopy, with the additional advantage of multiplexing capability. Hence, SERS simultaneously provides molecular specific information and high sensitivity and specificity. 14, 15 Because of that there is growing interest in the use of Raman and SERS for the detection of biothiols and GSH in biological samples. Raman spectroscopy was employed to study the changes in the intensity of S-H and S-S bonds in the lenses of guinea pigs upon treatment 17 as well as for studying oxidative stress in trapped erythrocytes. 18 SERS has been previously employed for improving the sensitivity of Raman detection of GSH by relying on the bonding of the thiol group to Au or Ag nanoparticles (NPs). On the one hand side SERS detection of GSH using reversed reporting agents has been proposed for aqueous GSH solutions 19 as well as intracellular GSH 20, 21 and GSH in WB. 21 The direct determination of GSH in aqueous solutions using SERS has been proposed repeatedly [22] [23] [24] and very recently SERS using Ag NPs has been proposed for the monitoring of GSH oxidation in plasma samples under non-thermal irradiation. 25 However, to the best of our knowledge, direct measurements in WB samples have not yet been reported. The analysis of body fluids can provide a snapshot of clinically relevant information about the human health at the moment of analysis. However, the development of direct spectroscopic analysis methods is very demanding due to the extremely complex composition of samples originating from countless metabolic processes, and the differences in the metabolite concentration ranges across biofluids. Consequently, each type of body fluid and metabolite typically requires a dedicated assay. 14 The aim of this study was to demonstrate the feasibility of a direct approach for the rapid and quantitative determination of low molecular weight biothiols in umbilical cord WB samples. SERS detection was carried out on a confocal Raman microscope employing silver NPs after a single sample processing step involving the acidic precipitation of proteins. Specificity and correlation of SERS signal and biothiol concentration could be demonstrated by comparing the results obtained from the analysis of a set of umbilical cord blood samples by SERS and a reference method employing ultra performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS). The reduced sample pretreatment, analysis time and sample volume, especially critical in the field of neonatology, required by the proposed approach will facilitate the potential application of SERS-based assays for biothiol analysis in clinical practice.
Material and methods

Chemicals and reagents
Methanol and perchloric acid were of analytical grade. Silver nitrate, hydroxylamine hydrochloride, sodium hydroxide, NEM, glycine, reduced and oxidized glutathione (GSH and
and phenylalanine-D 5 (Phe-D 5 ) were used as deuterated internal standards (IS) and were obtained from Santa Cruz Biotechnology Inc. (Texas, USA) and CDN Isotopes (Pointe-Claire, Canada), respectively, with purities ≥98%. Amicon Bioseparations Microcon-10 kDa centrifugal filter units with ultracel-10 membrane were purchased from Merck Millipore (Darmstadt, Germany).
Preparation of silver colloids for SERS measurements
Silver colloids were prepared as described by Leopold et al.
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Briefly, silver nitrate (1 mM) was reduced with hydroxylamine hydrochloride (1.5 µM) at alkaline pH and room temperature. Under these conditions, the reaction is complete within a few seconds with a preparation success rate of over 90% providing silver colloids stable at room temperature. The successful synthesis of the produced silver colloidal solution was confirmed by UV-Vis spectroscopy. The absorbance maximum of the UV-Vis signal provides information on the average particle size, whereas the full width at half-maximum aids to estimate the particle dispersion. The obtained UV-Vis spectrum of the silver colloid, with an absorbance maximum of 418 nm and with a full width at half-maximum of 100 nm, is shown in the ESI, Fig. 1 . † The recorded UV spectra agreed well with those reported by Leopold et al., thus indicating a successful synthesis of the silver SERS colloid. 26 Transmission electron microscopic analysis of colloids providing such UV-Vis spectra revealed monodisperse particles with diameters in the range of 30-40 nm. 26 All SERS spectra were recorded using silver colloid from the same batch, as the colloid is stable at room temperature during at least three months.
Whole blood (WB) collection and storage
Umbilical cord blood samples from 5 healthy term newborn infants born by uncomplicated vaginal delivery were collected using sterile Vacutainer® tubes with K 2 -EDTA and heparin (total: 10 WB samples). Permission was obtained by signing an informed consent. Blood samples were immediately stored at −80°C until analysis. For UPLC-MS/MS and SERS analysis, blood samples were thawed in an ice bath. A first aliquot was processed for UPLC-MS/MS reference analysis and a second aliquot was immediately analyzed by SERS to avoid artefacts due to sample oxidation. For method optimization, blood samples in K 2 -EDTA tubes provided by the Austrian Red Cross were used.
Raman measurements
For protein precipitation, 150 µL of cold (4°C) 10% v/v perchloric acid were added to 50 µL of WB. Samples were centrifuged at 12 000g during 5 min. 20 µL of the supernatant were mixed with 20 µL of the silver colloid, transferred to a microscopy glass slide and SERS spectra were recorded immediately. Blanks and GSH standard solutions were prepared following the same procedure as for WB samples, using 50 µL of distilled H 2 O or standard solutions, respectively. An aqueous GSH stock solution was prepared by direct GSH standard weighing. SERS spectra were recorded using a confocal LabRam HR800 Raman spectrometer (Horiba Jobin Yvon, Bensheim, Germany) based on an Olympus BX41 optical microscope. The microscope was equipped with a green laser emitting at 532 nm, a Nikon objective (×20, NA0.35, and WD20.5) and a 300 lines per mm grating along with a charge coupled device detector (CCD). Furthermore, neutral density filters were used to attenuate the laser beam. For spectrum acquisition, the slit width and hole were set both to 600 µm and for each spectrum two scans with an acquisition time of 10 s each were accumulated in the range between 400 and 4000 cm −1 . Measurement parameters were optimized in order to maximize the signal while maintaining background fluorescence at a minimum. Partial Least Squares (PLS) regression models were developed employing the PLS Toolbox 7.8 from Eigenvector Research Inc. (Wenatchee, USA) running in Matlab 2012b from Mathworks (Natick, USA). Correlation coefficients were calculated using the corrcoef function embedded in Matlab 2012b.
UPLC-MS/MS reference measurements
Reference concentrations of GSH and other biothiols (Table 1) were obtained by UPLC-ESI(+)-MS/MS. After thawing WB samples on ice, 100 µL of the WB sample were added to 20 µL of NEM (100 mM) and homogenized on a Vortex mixer. After 1 min, the alkylation reaction was stopped and proteins were precipitated by adding 120 µL of cold (4°C) perchloric acid at 10%. Then, the samples were centrifuged for 15 min at 12 000g and the supernatants were stored at −80°C until analysis. Before analysis, samples were thawed in an ice bath and then processed by adding 100 µL of cold (4°C) methanol to 50 µL of the sample, homogenized on a vortex mixer and centrifuged at 10 000g and 4°C for 10 min. 
Results and discussion
Raman and SERS spectra of GSH and blood samples
Raman and SERS spectra of samples and standards were obtained by using a confocal microscope employing a diode laser operating at 532 nm with an output power of 5 mW. It has to be remarked that the direct measurement of WB samples without the elimination of proteins was not possible due to the strong fluorescence background. Fig. 1 shows Raman and SERS spectra of a 1 mM GSH standard solution, a WB sample collected in a K 2 -EDTA tube after protein removal with perchloric acid and a blank perchloric acid (7.5% v/v) solution containing the silver colloid used for SERS in the 400 and 1300 cm −1 range. From the results depicted in Fig. 1, a set of background signals corresponding to perchloric acid bands at 1100 (w), 925 (s), 621 (w) ad 456 (w) cm −1 were identified 27 (see Table 2 ). In addition to the blank spectrum depicted in Fig. 1 , the blank spectra of H 2 O from a K 2 -EDTA tube and a Li-heparin tube were acquired (data not shown). The presence of EDTA and heparin in H 2 O blanks did not cause SERS signals of significant intensities that could interfere with the GSH signal. GSH, WB SERS spectra and regular Raman spectra of the same solutions without the Ag-NPs are also depicted in Fig. 1 . Results showed clear differences in both the intensity and Raman shift of the bands between the SERS spectrum of the GSH adsorbed on Ag NPs and the spectrum in aqueous solution. Band assignments are summarized in Table 2 . The intensity of distinct GSH features at 790 (m), 714 (w) and 642 (s) cm −1 were enhanced remarkably in SERS, enabling its detection in blood in the WB physiological concentration range. The Analytical Enhancement Factors (AEFs), calculated according to Le Ru et al. 28 for bands at 790 cm −1 (after single point baseline correction at 844 cm −1 ) and 642 cm −1 (after single point baseline correction at 698 cm −1 ), were 7.9 and 2.8, respectively. These AEFs values can be explained by a fixed absorption geometry, which amplifies the effect of surface selection rules. 29 Interestingly, the recorded SERS spectra of GSH in aqueous standards and SERS spectra of WB samples were highly similar and in good agreement with previous results. Lv et al. 24 reported that the Raman spectrum of GSH adsorbed to a 3D silver nanodendrite@glass film with bands at 791, 722 and 656 cm −1 . Based on the Raman spectra reported for the component amino acids of GSH, the bands at 722 and 656 cm −1
were associated with the vibrations of the sulfur atom of the amino acid, Cys. Podstawka et al. 30 reported that a ν (C-S) band from the -H 2 C-S-group of Cys is expected in the 640-680 cm −1 and the 740-760 cm −1 regions for the P H and P C conformers of the C-S stretching vibrations, respectively. Furthermore, the band at 791 cm −1 was assigned to the amide V vibration due to the amide groups of glycine and glutamic acid. Lv et al. 24 conclude from their observations that GSH strongly interacts with the silver surface via the v (C-S) group and that carboxyl and amide groups are also involved in the interaction of GSH with Ag. Signal specificity: cross-sensitivity of metabolites containing thiol functional groups. To test the specificity of the SERS signal of GSH, spectra of 21 selected L-amino acids and glycine were acquired under the described experimental conditions. Visual inspection of the SERS spectra of a GSH standard solution and the 22 considered metabolites depicted in ESI Fig. 2 † indicated a highly specific GSH signal. Only for Cys a similar fingerprint was observed. Then, the correlation coefficients between the spectra of the 22 metabolites and GSH in the 400-900 cm −1 range were used for an unbiased quantification of signal specificity. Results summarized in Table 3 confirmed weak correlations (R 2 < 0.75), with the exception of Cys, that showed a considerably higher correlation coefficient of 0.90. GSH is a tripeptide containing a Cys unit that comprises a SERS active SH-functional group. Spectral correlations ≤0.4 were obtained for glycine and glutamic acid, the other two subunits of GSH, besides Cys, supporting the fact that the observed SERS signal was due to the interaction of Cys with the Ag-NP surface.
In conclusion, employing a silver colloid, and in acidic pH, molecules with an -SH functional group provide highly correlated SERS signals. The overlap of highly correlated SERS signals arising from the interactions of the SH-functional groups and the NP surface provides a measure associated with the total concentration of SH-metabolites in the sample. However, GSH concentrations in WB were reported in the mM range whereas the concentration of other biothiols is notably lower 1 and thus, the signal is largely dominated by the GSH contribution.
Effect of protein removal and pH. Proteins are very sensitive to temperature changes and the energy provided by the incident laser light causes protein coagulation. Therefore, protein removal was indispensable prior to recording SERS or Raman spectra of WB samples. Four frequent protein elimination methods were evaluated based on: (i) precipitation with cold methanol; (ii) sample acidification using perchloric acid; (iii) sample filtration using 10 kDa molecular weight filters, and (iv) a two-step clean up using filtration followed by acidification.
Protein precipitation using methanol resulted in a complete suppression of the SERS signal of GSH (results not shown). Fig. 2 shows the spectra obtained from a WB sample after protein elimination by (i) filtration, (ii) acidification with perchloric acid and (iii) after filtration followed by acidification. Protein precipitation by filtration provided characteristic SERS spectra, different to those obtained using perchloric acid, showing intense bands in the whole fingerprint region and minimal fluorescent background. However, the C-S stretching SERS bands described in section 3.1 (strongest band at 642 cm −1 ) could not be detected. Additional band assignments in the fingerprint region can be found in previous studies. 31, 32 In order to assess whether the suppression of the SERS signal at 642 cm −1 was due to the loss of GSH during filtration or due to a pH change, the filtrate was acidified with perchloric acid. As shown in Fig. 2 (blue line), the SERS signal was recovered after acidification indicating that SERS activity of the C-S stretching vibrations was greatly influenced by both the pH and the protein content of the sample. The use of molecular weight filters followed by an acidification with perchloric acid, and the direct acidification with perchloric acid for protein elimination provided comparable results. However, the latter was more straightforward and it was selected for further measurements. Nonetheless, it has to be underlined that spectral information in the 1800-1000 cm −1 region, obtained from filtered samples before and after acidification could be potentially useful for other determinations in WB samples. Effect of the type of anticoagulant. Blood samples were collected employing two different anti-coagulants, K 2 -EDTA Table 3 Correlation coefficients (R) of SERS spectra of GSH with those of other amino acids in the range between 400 and 900 cm and Li-heparin. Mean spectra (±standard deviation) of five umbilical cord blood samples collected with both anticoagulants after acidification with perchloric acid are shown in Fig. 3 . Although the band at 714 cm −1 was very weak, C-S Raman bands could be clearly detected in all the spectra at 648 ± 3 cm −1 and 650 ± 2 cm −1 using K 2 -EDTA and Li-heparin tubes, respectively. This demonstrates that the developed approach is capable of detecting biothiol concentrations at clinically relevant concentrations. No interfering signals due to the use of EDTA or heparin were observed in samples comparing the obtained spectral profiles to standards and blanks. However, the standard deviation for spectra obtained from heparin WB samples was higher than for EDTA WB samples, affecting the precision of the measurement. 3.2 Quantitative analysis of low molecular weight biothiols GSH standard solutions. GSH standard solutions with concentrations ranging between 500 µM and 10 mM were prepared and five replicate SERS spectra were recorded at each of the four concentration levels after the addition of perchloric acid and the Ag SERS colloidal substrate. A PLS model was calculated by employing the 550-884 cm −1 spectral range.
Prior to model calculation, a baseline correction (automatic weighted least squares) was carried out followed by SavitzkyGolay smoothing and mean centering. Fig. 4 shows the predicted values by leave-one-out cross validation using nine latent variables obtaining a RMSECV of 1740 µM and an R 2 of 0.99. This result demonstrates that there is a linear correlation between GSH concentration and SERS signal in analytical standard solutions. Quantitative analysis of low molecular weight biothiols in WB. Homocysteine, γ-glutamylcysteine, Cys and GSH concentrations were determined in blood samples collected in Liheparin and K 2 -EDTA tubes by a reference UPLC-MS/MS procedure. Results provided by UPLC-MS/MS in Table 4 showed that, as expected, the concentration of GSH represents >90% of the considered thiols in WB samples. GSH concentrations in WB of 865.5 ± 266.5 μM, 861.7 ± 235.3 μM (N = 67) 33 and 900 ± 140 μM (N = 59) 8 have been previously reported for healthy adults. These values are comparable to the GSH concentrations in umbilical cord WB samples of neonates found in previous studies (1000 ± 160 μM (N = 26) 4 and 1000 ± 170 μM (N = 22) 34 ). Previously reported GSH concentration ranges were statistically comparable (t-test, p > 0.05) to the values summarized in Table 4 . In addition, a blood sample collected with each anti-coagulant was kept at 4°C during 24 h and the analysis was repeated to monitor the changes due to sample oxidation. Thiol concentrations were significantly lower with RSH concentrations of 13 and 239 µM for EDTA and heparin WB, respectively, as determined by UPLC-MS/MS. However, GSH remained the most abundant biothiol with >78% of RSH.
Using the total concentration of the determined biothiols (RSH) [µM] as a predictive variable, the performance of a quantitative method based on SERS measurements of WB samples was evaluated. A PLS model was calculated employing the same spectral preprocessing and range as used for standard solutions and EDTA blood samples with concentrations ranging between 13 and 2200 µM. Fig. 5a shows the predicted values by leave-one-out cross validation using three latent variables obtaining a RMSECV of 291 µM and an R 2 of 0.92. The model was applied to EDTA and heparin blood samples with total RSH concentrations ranging between 239 and 1959 µM (see Fig. 5a ) achieving an RMSEP of 381 µM. It has to be high- lighted, that the spectral features of biothiols were not influenced by the type of anticoagulant, enabling the use of EDTA and heparin blood samples. Fig. 5b shows the Variable Importance in Projection (VIP) scores of the calculated model in comparison with the mean spectrum of the calibration set. VIP scores estimate the importance of each variable in the projection used in a PLS model. In a given model, a variable with a VIP score close to or greater than one is typically considered important. 35 Here, it can be observed that the most intense VIP scores match the thiol SERS bands at 790 and 642 cm −1 .
These preliminary results demonstrate the feasibility of the direct quantification of low molecular weight biothiols in WB samples at clinically relevant concentrations by SERS.
Although for clinical applications the precision of the measurement has to be improved, a statistically significant correlation between the concentration of biothiols measured by UPLC-MS/MS and SERS was obtained.
Conclusions
This new approach involves the use of a silver colloid for SERS detection of biothiols in WB samples. Biothiols interact with the silver surface via the v (C-S) group and carboxyl and amide groups are also involved. The recorded spectral features of GSH, which is the most abundant biothiol, could be assigned to the ν (C-S) vibration from thiols (714 and 642 cm −1 ) and to the amide V band (at 790 cm −1 ). Signal specificity was tested by recording the SERS spectra of 21 amino acids with similar structures as well as glycine; SERS bands could only be detected in the case of molecules presenting -SH functional groups (e.g. cysteine).
In whole blood samples, protein removal and acidic pH were necessary for obtaining SERS signals from molecules with a -SH functional group. The developed approach uses small blood sample volumes of only 50 µL, which is important for applications in the field of neonatology. A correlation of SERS signal and biothiol concentration in umbilical cord WB samples could be demonstrated. Further studies are necessary for determining the analytical figures of merit including limits of detection and quantification, linear range, accuracy and precision.
This approach meets the requirements for its potential application in clinical studies, as sample treatment, analysis time and blood volumes were minimized. Yet, at the current stage, some practical limitations are encountered which have to be tackled in the future to clear the way for this technique in the clinic. First, measurement precision and repeatability will have to be improved. Further research on the effect of the physicochemical properties of the silver colloids, and on automated sampling and data acquisition procedures will be carried out to improve the measurement process and the repeatability and sensitivity of the measurement (i.e. strong and stable enhancement factors). Furthermore it will be of utmost importance to enable the simultaneous determination of oxidized biothiols in order to obtain an indication of the redox status typically employed in clinics. Here, paper-based plasmonic platforms could potentially play an important role. [36] [37] [38] These emerging devices would be suitable for a point-of-care testing system combined with adequate experimental acquisition parameters. Moreover, these platforms allow the incorporation of different sample treatments, e.g. the surface chemical gradient created by differential polyelectrolyte coatings of paper. 39 
